and bistability, can emerge at the level of relatively simple systems of signaling USA. proteins. Here, we have examined the quantitative properties of one wellstudied signaling system, the JNK cascade. We experimentally assessed Correspondence: James E. Ferrell, Jr. the response of JNK to a physiological stimulus (progesterone) and a E-mail: james.ferrell@stanford.edu pathological stress (hyperosmolar sorbitol) in Xenopus laevis oocytes, a cell type that is well-suited to the quantitative analysis of cell signaling. Our cooperative enzymes; or bistable and all-or-none in character.
Background
as a sensitivity amplifier, converting graded inputs into more switch-like, ultrasensitive outputs, allowing the casThe Jun N-terminal kinases (JNKs) or stress-activated protein kinases (SAPKs) are a family of evolutionarily cade to filter out noise and yet still respond decisively to supra-threshold stimuli [13] [14] [15] [16] . If the cascade were conserved protein kinases implicated in stress responses and apoptosis [1] [2] [3] [4] . Fibroblasts from mouse embryos with embedded in a positive feedback loop (which has not previously been demonstrated for the JNK cascade), the knockouts in the broadly expressed jnk1 and jnk2 genes fail to carry out apoptosis in response to some normally system would have the potential to exhibit bistable behavior, switching between discrete stable steady states withapoptotic stimuli [5] , and neurons from mice with knockouts in the more selectively expressed jnk3 gene have out being able to rest in intermediate states [17, 18] . Since JNK is implicated in apoptosis, and apoptosis is an alldefects in excitotoxin-induced neuronal cell death [6] . Like all members of the MAP kinase family, JNKs are or-none biological event, it might be appropriate for the JNK cascade to exhibit either an ultrasensitive or a bistacomponents of an evolutionarily conserved, three-tiered kinase cascade. An upstream MAP kinase kinase kinase ble response. Either type of response would effectively mean that JNK relayed a digital, all-or-none signal to (or JNK kinase kinase) phosphorylates and activates the relevant MAP kinase kinases (MKK4 and MKK7), which downstream effectors of apoptosis. Alternatively, the JNK cascade might transmit graded, analog information about in turn phosphorylate and activate the JNKs.
how stressful a cell's environment is, with the life-ordeath decision made downstream. It is becoming increasingly appreciated that important biochemical behaviors can emerge at the level of small signaling modules [7- We incubated oocytes with various concentrations of profor the quantitative analysis of signal transduction in oogesterone and allowed the oocytes to approach a steady cytes make this cell system particularly suitable for the state, in which JNK activity was unchanging with respect present studies.
to time. We then lysed the oocytes, precipitated the JNK with GST-Jun beads, and subjected the precipitated JNK Here, we show that the response of JNK to both progesterto an in vitro kinase assay. In pools of oocytes, JNK activity was found to be a graded function of the progesterone one and sorbitol is essentially all-or-none at the level of Figure 1a ). Thus, at the level of response of JNK to progesterone was imposed upon it a population of oocytes, the response of JNK to progesterby the Mos/MEK/p42 MAPK cascade, rather than being one is graded.
intrinsic to the JNK cascade. We therefore set out to determine whether the response of JNK to stimuli that Figure 1c , the 2a) was found to represent a bimodal distribution of indiindividual oocytes were found to adopt a bimodal distribuvidual oocytes: 11 oocytes with inactive JNK, and 2 ootion, with very few oocytes exhibiting intermediate levels cytes with fully active JNK. Thus, the response of JNK of JNK activity. Thus, at the level of a population of to hyperosmolar stress, like the response of JNK to progesoocytes, the JNK response is graded, but at the level of terone, was essentially all-or-none at the level of the indian individual oocyte, the response of JNK to progesterone vidual oocyte. is switch-like.
Hysteresis in the JNK response All-or-none response of JNK to sorbitol in individual oocytes
All-or-none responses can, in principle, arise either from The Mos/MEK/p42 MAPK cascade in oocytes can bring an ultrasensitive, monostable signaling system with a very high Hill coefficient or from a bistable signaling system. about activation of JNK [19] , and the response of Mos/ is pronounced enough, it can turn into a form of actively maintained irreversibility, with the system remaining on even after the stimulus is lowered to zero (Figure 3b) . In this limit, a bistable system acts like a toggle switch.
We therefore examined the timing and reversibility of JNK activation in oocytes incubated with hyperosmolar sorbitol (200 mM) and then returned to plain isotonic buffer. The activation of JNK was found to be temporally abrupt; there was no detectable JNK activation during the first 30 min of exposure to sorbitol, and then by 60 min, the activation was maximal (Figure 4a ). When the sorbitol was washed away and the oocytes returned to isotonic buffer, there was a small decline in the level of JNK activity (Figure 4a ). The analysis of individual oocytes showed that the majority ‫)%07ف(‬ of the oocytes retained fully active JNK even as long as 16 hr after the removal of the sorbitol and that the rest of the oocytes had had their JNK activity fall to low levels about 2 hr after the sorbitol was removed (Figure 4b ). The abruptness of the changes in JNK activity and the long persistence of JNK activity after the removal of the activating stimulus suggested that the JNK cascade might be a bistable system exhibiting hysteresis.
Autocatalysis in JNK activation
Two types of mechanisms that can produce an all-or-none response.
An essential element of any bistable signaling system is a bistable response is discontinous; the system can rest in either of two alternative steady states, but cannot rest in an intermediate state. A bistable system should also possess hysteresis, meaning that the The experimental approach we took was the sequential stimulus-response curve obtained when the system is changed from cytoplasmic transfer strategy that Masui and Markert used low stimulus to high stimulus will not be identical to that obtained to demonstrate the autocatalytic nature of M phase-prowhen the system is changed from high stimulus to low stimulus, as indicated by the arrows. If the positive feedback is sufficiently strong, moting factor (MPF) activation [27] . We incubated ooas it is in the model shown here, a bistable system can be irreversible.
cytes with sorbitol, allowed the JNK to become maximally activated, and then obtained cytoplasm from these oocytes (Figure 5a ). We injected various dilutions of the cytoplasm into fresh oocytes and then assessed the resulting steady state activity of JNK. We found that the An ultrasensitive, monostable system behaves like a doorcytoplasm from the sorbitol-treated oocytes did promote bell switch; it turns on in an all-or-none manner but refull JNK activation in the microinjected oocytes, sorbitol quires the continuous presence of a stimulus to remain caused the formation of a JNK activation-promoting factor in its on state (Figure 3a) . When the stimulus is removed, (JPF) in the sorbitol treated oocytes, and that the titer of the system returns to the same "off' state it was in before the JPF activity was between 1:40 and 1:60 (Figure 5a ). the stimulus was applied. A bistable system exhibits a
We then obtained cytoplasm from these oocytes and inqualitatively different type of behavior. A bistable system jected it into a second fresh batch of oocytes. The injected should exhibit some degree of hysteresis, meaning that, cytoplasm again promoted JNK activation in the recipient if the activating stimulus is decreased, the system will oocytes (Figure 5b) . Moreover, the titer of the JPF activity remain on until the stimulus is well below the level that initially put the system in the "on" state. If the hysteresis was undiminished (Figure 5b ), despite the fact that each round of microinjection dilutes the cytoplasm by a factor Bistable systems have the potential to remain on long after the stimulus that initially triggered its activation has of about ten. Thus, JPF must promote its own activation been removed; bistable systems can possess an actively or production; the JNK cascade in oocytes is autocatalytic. maintained memory of the triggering stimulus. Forty years ago, Monod and Jacob hypothesized that bistable signal-
Discussion
ing systems might provide cells with the sort of long-term We have taken advantage of the ability to analyze the memory required to maintain differentiation long after responses of individual oocytes to examine how the JNK a differentiation-inducing stimulus is removed [9] . The cascade responds to a physiological stimulus (progesterpresent work indicates that, in oocytes, JNK activation is one) and a pathological stress (hyperosmolar sorbitol). We one such memory system. JNK activation in oocytes is found that JNK activation in oocytes is all-or-none, tempophysiologically triggered by progesterone, but JNK rerally abrupt, autocatalytic, and persistent for long periods mains active throughout early embryogenesis, long after of time after the initiating stimulus is removed. These the initiating progesterone stimulus has ceased [19] . The are all of the hallmarks of a bistable response. This sort present results provide a mechanistic explanation for how of response has long been assumed by theoretical biolothis long-term activation of JNK is achieved. gists to be of critical importance for cell signaling [9] , and, indeed, artificial bistable gene regulatory systems have JNK is not the only bistable signaling system present in now been engineered into bacteria [23] and yeast [28] .
the oocyte. The Mos/MEK1/p42 MAPK cascade appears Nevertheless, there has been little direct experimental to be bistable as well [17] , and, by virtue of its autocatalytic evidence for or against bistability in cell signaling. The character, Cdc2-cyclin B may also be part of a bistable present results provide strong evidence that the JNK syssystem [12, 27, 29, 30] . Thus, bistability and all-or-none tem in oocytes is bistable and that the overall character signal transduction systems may be common. The emergof the JNK response in oocytes is essentially digital. Thus, ing picture is that oocyte maturation and early embryogenin oocytes, the JNK system is not simply a passive pipeline esis are characterized by, and probably driven by, combithat relays information for downstream signaling elements nations of essentially digital, all-or-none responses that to interpret; sufficient signal processing takes place at the arise out of interconnected bistable signaling pathways. level of JNK and above to turn a graded input into a decisive, all-or-none response.
However, although the JNK, p42 MAPK, and Cdc2-cyclin 
Materials and methods
Xenopus oocytes were defolliculated by collagenase treatment, as described [19] . After treating the oocytes with progesterone or sorbitol in oocyte Ringer's solution (OR2, 82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl 2 , 1 mM Na 2 HPO 4 , 5 mM HEPES [pH 7.5]), oocytes were individually collected, frozen, and lysed as described [17, 19] . JNK assays were performed on GST-Jun pull-downs, as described [37] and quantified by phosphorimaging. Care was taken to ensure that JNK activity was linear with respect to time and JNK concentration.
